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Aspartic acid can be covalently linked to yeast aspartyl-tRNA synthetase and to other proteins, in the 
absence of tRNA, under conditions where the synthetase activates the amino acid into aspartyl-adenylate, 
i.e., in the presence of ATP and MgC12. The linkage between aspartic acid and the protein is acid and 
alkali resistant; hus it is likely a peptide-like amide bond formed between the activated carboxylate group 
of aspartic acid and the,primary amine function of the side chain of lysine residues. 
Aminoacyl-tRNA synthetase 
1. INTRODUCTION 
Aspartyl-tRNA synthetase Amino acid activation 
Protein modification 
The discovery of new properties of enzymes 
sometimes follows unexpected ways. We report 
here a reaction where aspartyl-tRNA-synthetase 
from yeast induces the covalent attachment of as- 
partic acid to itself or to other proteins. This reac- 
tion was discovered uring the course of crystalli- 
zation attempts of the tRNAAsp-aspartyl-tRNA 
synthetase complex [1,2]. We recall that using 
polyethylene glycol as the precipitant, crystals 
were grown from a mixture of tRNA and enzyme 
[1]. It then became obvious to test whether or not 
tRNA, enzyme or both macromolecules were con- 
tained in these crystals. The simplest assay to 
prove the presence of both tRNA and synthetase 
in a single crystal seemed to be the characteriza- 
tion of the aminoacylation reaction of tRNA in a 
medium composed of the dissolved crystal supple- 
mented with radioactive aspartic acid and ATP-  
MgC12. Such a characterization routinely involves 
the precipitation by trichloroacetic acid of the 
charged tRNA on a filter paper disc and the count- 
ing of the amino acid radioactivity [3]. The assay, 
conducted on a single crystal, yielded radioactive 
trichloroacetic acid-precipitable material which 
could a priori be interpreted as being proof of the 
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presence of the tRNA-enzyme complex in the 
crystal. However, these crystals turned out to be 
formed only by aspartyl-tRNA synthetase alone [1] 
and the enzymatic assays unexpectedly revealed a
binding of radioactive aspartic acid to the enzyme 
and not the aminoacylation of the putative 
tRNAAsp. (It might be recalled that under other 
experimental conditions it was actually possible to 
co-crystallize aspartyl-tRNA synthetase with 2 
molecules of tRNAAsp [2].) Here, we describe the 
properties of this aspartic acid-binding reaction to 
aspartyl-tRNA synthetase. 
2. MATERIALS AND METHODS 
2.1. Enzymes and chemicals 
Aspartyl-tRNA synthetase (a dimer of Mr 
--120 000) was purified from commercial baker's 
yeast according to known procedures [1,4-6]. The 
pure enzyme crystallizes [1] and exhibits spec. act. 
600-800 units/m~g (1 unit is the amount of enzyme 
which catalyses the incorporation of 1 nmol aspar- 
tic acid to tRNAAsp under standard assay con- 
dition [7]). Yeast valyl-tRNA synthetase (a mono- 
mer of Mr -- 130 000) was purified as in [5,8]. The 
concentration of the enzymes were obtained from 
absorbance measurements at 280 nm (,~°mn[n_, cm-t 
= 0.60 and 1.79, for aspartyl- and valyl-tel~NA~ syn- 
thetase, respectively). Bovine serum albumin (frac- 
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tion V) was from Sigma, lysozyme from Serva, 
aldolase and alcohol deshydrogenase from 
Boehringer Mannheim. 
14C-Labelled aspartic acid, valine, glutamic 
acid, serine (---200 mCi ° mmol - l )  and ATP 
(--500 mCi.  retool-L), [3H]threonine, [3H]alanine 
and [3H]tryptophan (20-60Ci .mmo1-1)  were 
from the Commissariat /l l'Energie Atomique 
(Saclay). The purity of the radioactive aspartic 
acid was tested on a Durrum amino acid analyser: 
no traces of contaminating radioactive amino acids 
could be detected. N-Acetyl-aspartic acid and ~- 
methyl-aspartic a id were from Sigma. All other 
chemicals were of the best quality available. 
2.2. Assay conditions for the aspartylation reaction 
As a result of this work, the optimal conditions 
allowing the fixation of radioactive aspartic acid to 
aspartyl-tRNA synthetase are as follows: 30 mM 
methane sulfonic acid/KOH (MES) at pH 6.7 or 
Tris-HCl at pH 7,2; 100 mM KC1; 20 mM ATP; 
30 mM MgC12; 8 mM reduced glutathione and 
3.5/.tM aspartyl-tRNA synthetase. Incubation was 
at 37°C for various times. For analytical assays the 
incubation mixtures were 100-400/~1. Aliquots of 
40/tl were deposited on 3 MM Whatman paper 
discs; the radioactive aspartyl-tRNA synthetase 
was precipitated on the discs in 5% trichloroacetic 
acid and washed twice by the precipitant; after two 
additional washes with ethanol the discs were 
dried and counted in a liquid scintillation counter. 
For the preparation of large amounts of labelled 
aspartyl-tRNA synthetase the incubation mixtures 
(up to 4 ml containing 2 mg enzyme) were filtered 
on Sephadex G-75 columns (see fig.3). 
3. RESULTS AND DISCUSSION 
3.1. Optimal conditions of the aspartylation reac- 
tion 
The aspartylation reaction was first found in a 
standard tRNA aminoacylation medium deprived 
of tRNAAsp. The experimental evidence was the 
retention of radioactive trichloroacetic acid-pre- 
cipitable material on paper discs. Therefore it was 
verified that the radioactivity was not due to an 
unspecific adsorption of aspartic acid on the paper. 
It was also verified that the reaction needs a cata- 
lytically fully active enzyme since heat denaturated 
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Fig.I. (a) Kinetics of aspartic acid fixation to yeast as- 
partyl-tRNA synthetase: (o--o) complete reaction mix- 
ture as described in section 2; controls without enzyme 
(~) or ATP-MgC12 (o). (b) Specific activity of aspartyl- 
tRNA synthetase pre-incubated in the presence (~) or 
the absence (:) of aspartic acid. This last experiment was 
conducted in the following way: after the various in- 
cubation times indicated in the figure, catalytic amounts 
of aspartyl-tRNA synthetase were withdrawn from the 
incubation mixtures containing aspartic acid or not and 
tested as in [7]. 
aspartyl-tRNA synthetase does not promote the 
binding. 
A systematic screening of the experimental con- 
ditions showed that the simultaneous presence of 
aspartyl-tRNA synthetase, aspartic acid, ATP and 
MgC12 was necessary to allow the recovery of pre- 
cipitable radioactivity (fig.l). Other conditions, 
such as the nature of the buffer, the pH and the 
presence of salts only modulated the intensity of 
the phenomenon. The reaction is very low and its 
slow rate is not due to some inactivation of the 
synthetase during the incubation (fig. I). Under the 
optimal conditions indicated under section 2, 1 as- 
partic acid residue can be incorporated for -2 -  
5 enzyme molecules (fig.l). It might be noted that 
the incubation mixture did not contain bovine 
serum albumin which is routinely used as a protec- 
tor in the assays involving aminoacyl-tRNA syn- 
thetases. We found that addition of this protein to 
aspartyl-tRNA synthetase increased the recovery 
of trichloroacetic acid-precipitable radioactivity 
(fig.2). The increase of radioactivity is proportional 
to the amount of serum albumin added. In the ab- 
60 
Volume 146, number 1 FEBS LETTERS September 1982 
I I 
U RS 
/ +2 BSA 
/ 
"~ _3000 ~ _ 
"~ / ,,pRs 
=6 / + Bs. 
E 
. / / / /  
"~" _1500 
u 
BSA 
60 120 
Time (mn) at 37 "C 
Fig.2. Effect of bovine serum albumin on the aspartyl- 
tRNA synthetase-induced fixation of aspartic acid. (m) 
Standard incubation mixture as in section 2 containing 
3.5/~M aspartyl-tRNA synthetase; same medium sup- 
plemented with 3.5 #M (~) or 7.5 ~tM (,) bovine serum 
albumin: (D) control incubation without aspartyl-tRNA 
synthetase, but with 7.0/LM bovine serum albumin. 
sence of the synthetase, however, no precipitable 
radioactivity is yielded. 
3.2. Characterization fthe precipitable radioactive 
material 
Several interpretations can be given to the above 
experiments: either a specific adsorption of aspar- 
tic acid or of aspartyl-adenylate on the synthetase 
or a covalent fixation of the amino acid on the en- 
zyme or even an artefact due to methodological s- 
pects. The experiments which follow were de- 
signed to discriminate between these possibilities. 
The behaviour of serum albumin will be consid- 
ered later. 
The possibility of an artefactual labelling of as- 
partyl-tRNA synthetase by aspartic acid due to the 
paper disc method could easily be eliminated. In- 
deed after filtration of the incubation mixture on a 
Sephadex G-75 column (fig.3) it is possible to re- 
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Fig.3. Gel filtration of the aspartylation reaction mix- 
ture on a Sephadex G-75 column. In the experiment 
shown 3 ml incubation mixture containing 1mg aspar- 
tyl-tRNA synthetase were deposited on a Sephadex G- 
75 Superfine column (0.8 × 45 cm). Elution was at 4°C 
with a 5 mM Tris-HCl buffer at pH 7.0 containing 
0.1 mM of EDTA, dithiothreitol and diisopropylfluoro- 
phosphate. Fractions of 400/d were collected. The total 
radioactivity (,) and trichloroacetic a id-precipitable ra-
dioactivity (0) were measured on 40 ~1 aliquots in Bray 
scintillator (,) or after precipitation on Whatman 3MM 
paper discs followed by the conventional washes and 
counting (o). 
cover radioactivity of aspartic acid which comi- 
grates with the enzyme. The amount of this radio- 
activity does not depend upon the counting 
technique used: direct counting of the eluent of the 
column or counting of the trichloroacetic acid-pre- 
cipitated enzyme yielded similar counts. 
To test whether or not aspartic acid is strongly 
associated with aspartyl-tRNA synthetase the in- 
cubation mixture was electrophoresed on poly- 
acrylamide gels under denaturing conditions. The 
radioactivity of the amino acid remains associated 
with the enzyme suggesting that aspartic acid is 
covalently linked to aspartyl-tRNA synthetase 
(rigA). The fact that the binding remains table in 
the presence of 8 M urea also favours this inter- 
pretation and rules out an adsorption of the amino 
acid on the protein. The nature of the covalent 
bond, however, has not been firmly proven. The 
fact that the linkage remains stable for several 
hours at room temperature or even several weeks 
at 4°C between pH 1-10 strongly suggests that as- 
partic acid is bound by an amide bond to aspartyl- 
tRNA synthetase. The stability of the bond is fur- 
ther illustrated by the binding after isotopic dilu- 
tion of aspartic acid in the incubation mixture. 
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such as N-acetyl or a-methyl aspartic acid can re- 
place aspartic acid in this reaction. Furthermore it 
seems that this reaction is specific to the aspartic 
acid system since no binding of valine to yeast 
valyl-tRNA synthetase was found under similar 
conditions (fig.4). Other proteins, however, can be 
labelled with aspartic acid provided that aspartyl- 
tRNA synthetase is present in the incubation mix- 
ture. This property was found with serum albumin 
(fig.2,4) but is also illustrated with valyl-tRNA 
synthetase (fig.4) and with lysozyme and aldolase 
(not shown). In contrast, however, no effect is ob- 
served in the presence of alcohol dehydrogenase. 
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Fig.4. Analysis of the aspartylation reaction mixtures by 
sodium dodecylsulphate-polyacrylamide gel lectro- 
phoresis (a) followed by autoradiography (b). Slab gels 
(10%, 14 x 16 cm, 1 mm thick) were prepared as in [9]. 
They were loaded with 10 ~tl incubation mixture con- 
taining aspartic acid and the proteins indicated on the 
figure. Prior to being deposited on the gel the proteins 
were heated for 1 min at 90°C with sodium dodecytsul- 
phate and 1% 2-mercaptoethanol. Migration was 12 h 
under 200 V. The gel was stained with Coomassie blue 
G-250 and dried on Whatman 3 MM paper (A); the 
autoradiography was for 7 days on Fuji X-ray films (B). 
Radioactive spots (+ ) only appear when aspartyl-tRNA 
synthetase is present. 
3.3. Specificity of the aspartylation reaction 
The covalent binding of aminoacid to aspartyl- 
tRNA synthetase is specific to aspartic acid. Nei- 
ther asparagine, glutamic acid, serine, threonine, 
alanine or tryptophan, nor aspartic acid analogs 
3.4. Mechanism of the aspartylation reaction 
The above data suggest that the aspartylation re- 
action only occurs under conditions where aspar- 
tyl-adenylate is synthesized, i.e., in the presence 
of MgC12 and ATP. Preliminary experiments, in
which the amount of adenylate is modulated, al- 
lowed modulation of the yield of the aspartylation 
reaction and thus favours this interpretation. Most 
probably, the activated aspartic acid is the donor 
in the reaction which occurs with aspartyl-tRNA 
synthetase but also with other proteins. Since the 
linkage formed between aspartic acid and the pro- 
teins is very stable and is resistant at acidic and al- 
kaline pH it is likely that the bond formed is a pep- 
tide-like amide bond. In this hypothesis, the donor 
groups on the protein could be nucleophilic -NH2 
groups of accessible side chains from lysine resi- 
dues. The reaction, however, does not occur on 
residues in the catalytic site of the enzyme since 
the specific activity of the modified synthetase is
not altered (fig.l). It involves free adenylates 
which react with accessible residues located at the 
surface of the synthetase or of other proteins. We 
have verified this point in a dialysis experiment. 
The inside of the dialysis cell contained the com- 
plete incubation mixture including aspartyl-tRNA 
synthetase; the outside of the cell contained the 
same mixture but here the synthetase was replaced 
by an equimolar amount of bovine serum al- 
bumin. Aspartic acid was radioactive. After vari- 
ous incubation times aliquots were withdrawn and 
treated with trichloroacetic acid as described. Ra- 
dioactivity was found associated with both aspar- 
tyl-tRNA synthetase and bovine serum albumin. 
This experiment demonstrates that free adenylate 
is released from the synthetase-adenylate corn- 
62 
Volume 146, number 1 FEBS LETTERS September 1982 
plex. This free adenylate migrates through the di- 
alysis membrane and reacts with bovine serum al- 
bumin. The fact that the extent of the aspartylation 
reaction is low reflects the instability of free ade- 
nylate: most of the activated aspartic acid is trans- 
ferred to water, only part of it is transferred to nu- 
cleophilic acceptors on proteins. The above pre- 
liminary experiments, howing that the extent of 
the reaction can be increased under conditions 
favouring the synthesis of adenylate, support this 
view. 
It thus appears that the aspartylation reaction is 
a non-enzymatic a ylation of proteins which needs 
an adenylate generating system. Our observation 
might be related to an old report made before the 
discovery of the synthetases where it was shown 
that amino acids can be transferred from chemi- 
cally synthesized glycine and tryptophan-AMP 
anhydrides to heat-denatured proteins [10]. The 
fact that we were unable to find acylation with val- 
yl-tRNA synthetase might be due to particular 
properties of the various adenylates. 
4. CONCLUSION 
Post-transcriptional modifications of enzymes 
are well-known and many examples of covalent at- 
tachments of chemical groups on amino acid side- 
chains are described [11]. Only a few cases of mod- 
ifications of aminoacyl-tRNA synthetases have 
been reported [12-15]. They concern either phos- 
phorylation of serine residues [12] or modifications 
of the active site of these enzymes. For instance 
tryptophan can be linked to beef pancreas tryp- 
tophanyl-tRNA synthetase via a mixed anhydride 
formed between the carboxylic groups of the tryp- 
tophan moiety and of the protein [13]. This is also 
the case of phenylalanine which might form an un- 
stable thioacyl-enzyme d rivative during the func- 
tioning of yeast phenylalanine-tRNA synthetase 
I14,151. 
Aspartylation reactions of proteins have not yet 
been described. This present work clearly estab- 
lishes this new reaction. One consequence of the 
modification would be to modify the charge and 
the isoelectric point of the proteins. The numerous 
electrofocusing bands often observed with appar- 
ently homogeneous proteins [16] might partly be 
explained by this phenomenon. With aspartyl- 
tRNA synthetase we could verify this point by 
modifying the isoelectric point of the protein after 
aspartylation (unpublished). Our results also allow 
one to explain some unexplained ata in the litera- 
ture, such as the high control values often observed 
in the tRNA aminoacylation assays [17]. These 
controls run in the absence of tRNA reflect he at- 
tachment of aspartic acid to the synthetase and to 
serum albumin or to other proteins present in the 
crude enzyme xtracts. As a practical consequence 
of this study the optimal tRNA aspartylation as- 
says should be conducted in presence of the pure 
synthetase without other foreign proteins present. 
Whether the aspartylation reaction has a func- 
tional role in vivo or if it only reflects an in vitro 
phenomenon remains unknown at present. How- 
ever, a practical use of this reaction appears ob- 
vious. Aspartylation can be used to map peptides 
located at the surface of the three-dimensional 
structure of the proteins. Work is in progress to 
isolate those peptides of yeast aspartyl-tRNA syn- 
thetase having fixed radioactive aspartic acid. 
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